Abstract Mouse epithelial skin stem cells constitute an important model system for understanding the dynamics of stem cell emergence and behavior in an intact vertebrate tissue.
In most organ systems stem cells are thought to be the source of differentiated cells needed to maintain tissue homeostasis and to repair injury. Stem cells have been postulated to self-renew and differentiate for an extended period of time, sometimes as long as the life of an animal. Understanding stem cell behavior in homeostasis is crucial, as it provides the structural framework for molecular mechanistic studies. Perturbation of these mechanisms constitutes the basis for our two oldest foes: disease and aging. Thus, it is not surprising that new aspects of adult tissue stem cell homeostasis make the headlines and fascinate novices and experts alike.
Early concepts of tissue stem cell biology incorporate the idea that tissue stem cells not only maintain homeostasis, but also build the organs during embryogenesis. However, the evidence for this is not clear, and tracking adult tissue stem cells back to their origin constitutes an intriguing area of research that is poorly developed in most tissues. Also intriguing is how the behavior of adult tissue stem cells in homeostasis might relate to that of their embryonic ancestors, or with the embryonic progenitors responsible for building the original tissue structures.
How and when do tissue stem cells emerge and mature during vertebrate embryonic development? Pluripotent embryonic stem cells from the mouse inner cell mass differentiate during gastrulation into the 3 germ layers, ectoderm, endoderm, and mesoderm, which bear more restricted differentiation potential. It seems intuitive that the germ layer cells should then further differentiate to more restricted tissue stem cells that would subsequently build the functional organs [1] . Thus, a first possible model describing tissuespecific stem cell ontogeny would predict that they are the first to emerge in the developing organ rudiments. Through their initial symmetric expansion and later switch to asymmetric divisions [2] , these stem cells would simultaneously build (and later regenerate) the differentiated tissue while self-renewing their pool for a life-time (Fig. 1a) . In disagreement with this model, mouse blood stem cells emerge from their original embryonic site (aorta-gonad mesonephros) 3 days after the first type of differentiated blood cells had already formed [3] . In addition, embryonic, fetal and adult muscle progenitors might have distinct origins and distinct genetic requirements; the fetal and adult-type of tissue stem cells might form a reservoir of stem cells that begin to function later on to maintain normal homeostasis [1, [4] [5] [6] . The emergence of spermatogonial stem cells follows a very similar dynamic. The first round of spermatogenesis originates in primitive gonocytes that are distinct from those giving rise to the adult stem cell population [7] .
The adult tissue stem cells of epidermis [8, 9] , hair follicle [10] , intestine [11, 12] , and testis [13] seem to adopt predominantly symmetric or unidirectional cell fate decisions [although asymmetric divisions with reversion of fate or de-differentiation could also be involved [13] ]. Specifically, within a given stem cell pool, some stem cells differentiate and eventually die being lost from the pool, while the cells left behind replace the lost ones by symmetric expansion. I refer to this process here as a "population deterministic model" for stem cell behavior (Fig. 1b) .
The population deterministic model first described in adult tissue stem cell homeostasis can be extrapolated to the early development or emergence of the adult stem cell population. As embryonic cells commit to become specific tissues, they might be assigned two different fates within the early organ rudiments: to differentiate and build the organ or to be set aside as adult tissue stem cells for later regeneration in homeostasis [1] (Fig. 1b) . The cell destiny might be decided by specific environmental factors, such as gradients of specific morphogens or short-range cell-cell signaling [14, 15] . This paper will discuss the organization of embryonic and adult skin in light of new data, and review evidence for different models and concepts of stem cell behavior. This review will summarize recent work that uncovers a few populations of distinct adult epithelial stem cells with restricted activity in normal skin. Finally, it will discuss a newly revealed narrow window of opportunity during embryogenesis that is important for the adult-type of stem cell maturation under the temporary influence of the environment. In addition, throughout the paper, gaps in our knowledge of skin stem cell ontogeny and homeostasis will be specified, along with proposed future experiments to address them. 
Skin Organization in Embryonic Development and Adult Homeostasis
Skin is a stratified squamous epithelium, with a top layer of keratinized a-nuclear flat cells (the squames) that cover the body to protect against dehydration and external pathogens. The squames arise from a step-wise upward differentiation of a basal layer of cuboidal proliferative epithelial cells, which contain stem cells. The basal cells sit on a wellorganized basement membrane that separates epidermis from dermis, the two main compartments at the top and bottom of the skin respectively. The epidermis has epithelial appendages such as sweat glands, hair follicles, and sebaceous glands, which are embedded deep into the dermis and contain their own stem cells [16] [17] [18] .
The skin epidermis (Ep) and its appendages, are largely composed of specialized epithelial cells or keratinocytes [19] , which develop early on from a single layer of ectoderm surrounding the embryo body (Fig. 2a) . In embryogenesis, the upward stratification of the skin epidermis occurs in parallel to a step-wise process of downward proliferation and differentiation to form the skin appendages. These processes are governed by reciprocal crosstalk between ectoderm and the underlining mesoderm via several major classical signaling pathways, such as Wnt, BMP, Shh, EGF, FGF, TNF, and Notch. These pathways seem to be largely reutilized in adult homeostasis and a detailed account of their activity, mostly in mouse skin, can be found elsewhere [20] [21] [22] [23] [24] [25] [26] [27] [28] . Some of these pathways have been implicated in human skin disorders [29] [30] [31] Fig. 2 Cartoon model for skin and hair follicle development and organization. a Morphological stages of development and homeostasis of hair follicles shown on a time line from embryo to adulthood. Each stage is specified at the top of corresponding cartoon figure, and the age of the animal is shown at the bottom as embryonic (E) or postnatal (PD) date. DP, dermal papillae; Ep, epidermis; IL, inner layer; Hg, hair germ; Bu, bulge; SG, sebaceous gland; Hs, hair shaft. b Summary of heterogeneous expression pattern in the embryonic hair placode cells. (C) Same as (B) but for adult hair follicle at telogen healing [32] . Perhaps best-characterized are: [1] Wnt signaling [33] [34] [35] [36] , which promotes hair follicle development and growth; and [2] BMP signaling [37] [38] [39] which inhibits it.
The development of hair follicles in the mouse occurs in several distinct steps of proliferation and down-growth to form the hair placode and the primary hair germ, followed by differentiation to create the bulbous peg and finally the mature hair follicle (Fig. 2a) . There are three waves of hair morphogenesis that sequentially form the different kinds of follicles constituting the mouse body hair coat: 1) guard hairs (~embryonic day (E)14.5, representing only 2-10% of the mouse pelage); 2) auchene and awl hairs (~E16.5); and 3) zig-zag hairs (~postnatal day (PD) 0) [40] . Due to these waves in embryonic skin there is a mix of hair follicles at different developmental stages: placode, germ, and bulbous peg (Fig. 2a) . By birth all hair follicles are specified and continue to mature up to PD8 [41, 42] . The bulbous peg and the mature follicle contain the matrix (Mx), a class of short-lived progenitors [43] , which proliferate and differentiate pushing cells upwards to generate the inner differentiated layers (IL): the hair shaft, and the inner root sheath (IRS). The inner differentiated cell layers are surrounded by the outer root sheath (ORS), which contains the adult hair follicle stem cells clustering in the upper zone of the hair follicle, known as the "bulge" (Fig. 2a) [24] . The hair follicle provides a versatile model system to study the genetic control of tissue stem cells in their normal environment, and how the perturbation of this control could lead to disease and cancer [18, 44] .
Several features of the hair follicle make it an excellent model system for tissue stem cell studies. There are many individual hair units that behave in concert and can be utilized in a multitude of cytological, developmental, and biochemical assays. Mouse genetic tools, including various inducible Cre recombinases that work efficiently for gene ablation, or at the single cell level for lineage tracing, along with numerous gene knockout and over-expression mouse models already exist [18, 44] .
Overall, the adult hair follicle behavior is well documented and highly reproducible. After birth hair follicles continue to mature, and at~PD17 they begin executing the first succession of periodic morphologically distinct remodeling phases of adult homeostasis (Fig. 2a) . This is known as the hair growth cycle, which in the mouse takes~3 weeks to complete and is composed of three main phases: telogen (quiescence), anagen (growth) and catagen (regression). These phases are synchronous at least for the 1st adult cycle [45, 46] . The initiation of hair growth is driven at least in part by signals from the dermal papillae (DP) and the environment [47] [48] [49] . The dermal papilla is a mesenchymal pocket of cells, which functions as a classical signaling center in the hair follicle. In response to DP and environmental signals, the bulge-derived progeny proliferate in anagen to re-form the bulb, which contains the matrix and the differentiated inner layers (see Fig. 2a ). After a period of growth, the bulb including matrix undergoes massive apoptosis, while the bulge cells re-enter quiescence and survive this destruction phase, known as catagen. The dermal papillae are brought upwards to come in contact with the hair germ, which meanwhile reforms from cells at the base of the bulge [10, 50] . The relationship between the hair germ and the bulge is not completely clear and will be discussed further in the paper. Three different studies demonstrated that hair germ cells derive from cells at the base of the bulge at the end of catagen [10, [50] [51] [52] . The bulge cells migrate at telogen into this pre-existing germ structure, and then they divide and generate matrix and inner layer differentiated cells [10] . It is currently unclear what is the function of the 'early' germ cells, those pre-existing underneath the bulge before bulge cell migration in telogen. One possibility is that they work as a buffer between the dermal papillae and the bulge stem cells to prevent inappropriate differentiation of the bulge cells, since the dermal papillae is thought to generate activation and differentiation signals. Another possibility is that these early germ cells specialize in making outer root sheath and provide the outlining 'shell' for bulge cells to migrate into at telogen and begin to form the matrix and differentiate at early anagen [10] .
In a recent study, Hsu et al. proposed that after the original wave of bulge migration at telogen/anagen transition [10] , upon bulge cell proliferation some of the newly made bulge cells leak out of their niche into the upper outer root sheath zone in late anagen. Here they survive death in catagen and appear to be pushed upwards at the end of catagen to create a second bulge [51] . Some of the outer root sheath cells underneath this zone, which have also been presumably derived from the bulge during earlier stages of anagen, and divided repeatedly, also survive and take residence in the space between the bulge outer layer, containing the stem cells, and the club hair. Hsu et al. showed that this layer of cells works as a stem cell support and has relevance for maintaining the quiescence of bulge cells [51] .
The hair follicle and the inter-follicular epidermis are tightly linked structurally and functionally. The basal layer (BL) of the epidermis is contiguous with the outer root sheath of the hair follicle and the sebaceous gland, and they express Keratins K14 and K5. The K14+/K5+ cells are undifferentiated proliferative cells, which collectively are thought to include all types of adult skin epithelial stem cell populations [53] . The distinct function and the relationship among these populations are discussed in the next section.
Adult Epithelial Skin Stem Cell Populations
Early experiments employing retroviral infection of dermabraded skin suggested the existence of multiple classes of epithelial stem cells that sustain homeostasis of epidermis, sebaceous gland, and hair follicle as independent units [54] .
Recently, genetic marking and lineage tracing experiments utilizing the Cre/loxP system began to take advantage of specific gene expression in various epithelial compartments to map the contribution of specific populations of epithelial cells to normal homeostasis of un-injured and injured skin (Fig. 3b) . These experiments have been largely reviewed recently [55, 56] and are further discussed below.
Epithelial Stem Cells in Normal Homeostasis
The Cre/loxP system is a powerful mouse genetic tool to map the fate of a specific population of cells, provided that these cells uniquely express at least one gene at a key developmental stage [57, 58] . Genetic lineage tracing in the mouse consists of a reporter known as the "Rosa26 reporter", a name given to the targeted genomic locus, which contains either β-galactosidase or a fluorescent protein downstream of a ubiquitously expressed promoter, such as Rosa26 [59] . A stop codon flanked by the Cre recognition sites (loxP) blocks the expression of the reporter gene.
When Cre recombinase is expressed from a cell-type specific promoter the stop codon is excised and the reporter gene is expressed in those cells and in all of their descendants for as long as these cells live. An inducible Cre recombinase can be activated to mark cells at specific developmental stages [58] . The most common form of inducible Cre is a fusion with the estrogen receptor (CreER), which can be turned on by administration of tamoxifen [60] (Fig. 3b ). Endogenous promoters of specific genes can be engineered via homologues recombination targeting in embryonic stem cells [61] to drive inducible Cre recombinase. Alternatively, transgenic promoters or bacterial artificial chromosomes (BACs) can achieve similar results without the caveat of disrupting an endogenous gene locus [62] .
The K14 and K5 promoters were the first to be isolated and used in inducible Cre-mediated lineage tracing experiments in the skin [53, 63, 64] . The results supported the model that all the skin epithelial stem cells are derived from this cell layer. Cells with distinct gene expression have been defined, and utilized as platforms to characterize and, in most instances, genetically map the fate of defined subpopulations of adult epithelial skin cells within the K14+/ 
Runx1
Other TFs? Cross-talking D Fig. 3 a Embryonic skin section stained X-Gal (blue) and nuclei (purple) from reporter mice that have the B-Galatosidase inserted into the Runx1 genomic locus [128] . Note expression in few hair placode cells and strong expression in the underlining mesenchyme. b, c Scheme of lineage tracing experiments tracking the precursors of adult hair follicle stem cells in the hair placode cells that expressed Runx1. d Epithelial-mesenchymal cross-talk regulated by specific transcription factors in one or both of the two skin compartments to create local microenvironments of signaling molecules within the skin during embryogenesis. These microenvironments are critical for the proper development of adult hair follicle stem cells (HFSCs), which occurs at this embryonic stage. Perturbation of these microenvironments at this critical stage has severe consequences on the long-term differentiation potential and maintenance of the adult stem cells later on in adulthood, when they likely begin to be utilized K5+ layer. In the hair follicle, the specific combined expression of cell surface markers CD34 and α6-integrin allows isolation of enriched bulge cell populations, which behave as stem cells in clonal analysis and transplantations in vitro [65, 66] . K15 and Lgr5 are expressed in the hair follicle bulge and germ, and were shown by Cre-mediate lineage tracing to contribute to long-term hair homeostasis [67, 68] . Of note, the K15 protein is also expressed in the neonatal and adult epidermis [69, 70] and we also find it in patches in the adult epidermis (unpublished data), but the truncated promoter used for lineage tracing shows high hair follicle specificity [67] . The bulge, but not the hair germ, has also been marked at the single cell level via an inefficient induction of a highly mosaic strain of K14-CreER mice and shown to contain long-term multipotent hair follicle stem cells [10] . This ruled out the proposed possibility that in fact all the true hair follicle stem cells in vivo reside in the hair germ [68, 71] . During telogen the single-marked bulge cells migrated into the pre-existing 'early' hair germ formed from cells located right underneath the bulge at catagen [10, 50, 51] . In the germ, the bulge progeny contributed preferentially to matrix and the formation of the inner layers, but made little outer root sheath and none of the 'early' hair germ cells, which re-formed from a different population in the subsequent catagen [10] . These data suggested that the bulge and hair germ could be independent lineages committed to make slightly different cells: the bulge would make mostly matrix, and the germ will make mostly outer root sheath [10] .
To directly test this, it would require specific genetic marking and fate mapping of the hair germ alone, away from the hair bulge. Greco et al. came closest in characterizing this population of cells by performing in vitro functional assays and identifying specific hair germ markers [72] , which should be employed in the future for lineage tracing. The region right above the bulge expresses Gli1 [73] (also found in the hair germ and base of the bulge), and the region immediately above it called the isthmus expresses Lrig1 [74] , MTS24 [75] , and Lgr6 [76] (Fig. 2c ). These regions contain stem cells for the isthmus and the sebaceous gland, and are thought not to contribute significantly longterm progeny to the hair follicle. Specifically, although Lrig1-CreER mice have not been available for lineage tracing, the zone expressing Lrig1 was characterized by utilizing an inefficient K14-CreER. Following the distribution of GFP+clones, it could be inferred that Lrig1+ cells are confined to the regeneration of the isthmus [74] . Gli1+ cells contribute to the upper bulge/isthmus and to the lower hair follicle in Gli1-CreER driven lineage tracing [73] . The latter can be attributed to the Gli1+ cells at the base of the bulge and in the hair germ. Lgr6+ cells marked genetically in adulthood contribute rarely and transiently to hair follicles, with an occasional hair follicle labeled after 1 year of chase. The Lgr6+ cells also contribute to inter-follicular epidermal regeneration [76] . Blimp1-expressing cells overlap in part with the Lrg6-expressing cells, but are confined to fueling cells to the sebaceous gland and not to the epidermis [77] . Employing a different transgenic line of K15-CreER, Petersson et al. demonstrated very recently that some of the K15+ cells also contribute to sebaceous gland in short-and long-term chases [78] .
Moving up towards the epidermis, there is the junctional zone between the hair follicle and the epidermis, known as the infundibulum (Inf) (Fig. 2c) , which has not been marked or fate mapped by lineage tracing or transplantation assays yet. The basal layer of the human hairless epidermis contains at least two populations of cells that can be isolated from human skin based on cell surface α6-integrin and CD71 expression [79] . These cells showed differences in their long-term ability to regenerate epidermis, which correlated with their relative proliferative status. To date no markers were found specifically expressed in the epidermis, but not in the other epithelial skin compartments. The interfollicular epidermis has been characterized by genetic marking of rare cells via a low-efficiency ubiquitous (non-specific to epidermis) CreER driver [8] or via the K14 promoter which marks all cells in the epithelium and not only the epidermis [53] . The rare marked cells formed clones, which appeared to contribute to the supra-basal differentiated epidermal cells including the spinous, the granular, and the squamous layers.
Despite the lack of labeling specificity to the interfollicular epidermis, it seems clear that this region has its own stem cells, because it survives even when hair follicles are completely ablated via the K15 truncated promoter [80] . Moreover, hair follicles fully marked genetically via ShhCre in embryogenesis did not contribute cells to adult interfollicular epidermis homeostasis [81] . These hair follicles showed labeling in all the individual sub-compartments from the hair germ up to the inter-follicular epidermis, which included the isthmus and the infundibulum. Therefore, it came as a surprise that Lrg6+ cells, presumably confined to the isthmus, seemed to contribute regularly to inter-follicular epidermis adult homeostasis [76] . The cause of this discrepancy is unclear, although some possible explanations have been recently proposed [55] . These included broader expression of the Lgr6-promoter than previously recognized or micro-injury of the skin, among other possibilities.
Epithelial Stem Cell Populations in Injury Conditions
It is noteworthy that the subpopulations of epithelial stem cells described above to reside within the K14+/K5+ layer appeared to behave differently in normal homeostasis and in skin injury. During normal homeostasis, these subpopulations were largely restricted to contribute to the maintenance of specific sub-epithelial compartments such as the hair follicle, sebaceous gland, and inter-follicular epidermis. This restriction is likely due to distinct microenvironments created by the topological location of each population within the skin. In contrast to normal homeostasis, during injury, epithelial cells from below the epidermis, normally found in the hair follicle region marked in adulthood via the K15 promoter, rapidly migrate towards the injury site and help repair the wound by contributing short-term progeny [80] . In addition, cells from fully marked hair follicles (via the Shh-Cre) and Gli1+ cells in between the isthmus and the bulge, normally confined to the hair follicle, make a longterm contribution to epidermal injury repair [73, 82] . These data suggested that in special conditions cells from the upper hair follicle region are capable of converting from one stem cell type (upper bulge/isthmus) to another (epidermis) in vivo. Finally, all the subpopulations of stem cells tested to date in vitro in transplantation assays can contribute in short-term and some in long-term to all the epithelial lineages of the hair follicle, epidermis, and sebaceous gland [65, 67, 68, 74, 75, 83] . The multipotency of these cells in vitro was tested by single-cell clonal analysis in short term and long-term assays. Notably, cells from the hair follicle bulge showed promiscuous lineage contribution in short-term, but became excluded from the inter-follicular epidermis in longterm transplantation assays. This was in line with the results obtained from skin injury in vivo. The discrepancy between results obtained from the in vivo (normal tissue) and in vitro (transplantation) assays, underscore the difficulty of relating in vitro transplantation data to normal tissue homeostasis in the absence of injury. In line with these concerns, the implementation of hair plucking, which triggers a stress or injury response to activate the hair follicle stem cells, as a way to synchronize hair growth, should be interpreted with care.
In conclusion, many specific regions of the epithelial skin have been characterized and in general their activity appears restricted in vivo to the region of their origin, while in vitro they behave as multipotential cells. The hair germ (without the hair bulge) and the infundibulum remain the only regions of the skin epithelium not yet mapped by lineage tracing, and specific markers for the basal layer of the interfollicular epidermis are still missing although it is clear that specialized stem cells for this compartment exist.
Dynamics of Adult Epithelial Stem Cell Behavior Throughout Life
To understand the dynamics of adult stem cells within tissues a series of approaches have been employed. They include single cell lineage tracing in vivo and clonal analysis in vitro [8, 10, 84] [83, 85] , pulse-chase experiments to precisely count cell divisions in vivo [86] , analysis of divisional symmetry [87] , and in vivo imaging [78] . Of all the skin epithelial stem cell populations described to date, the ones in the adult hair follicle bulge received most attention. Their behavior and potential have been characterized at the single cell level both in vitro [65, 83, 85] and in vivo [10] . Due to the synchrony of the first adult hair cycle, the hair follicle has provided an excellent model system for understanding the dynamics of stem cell activation by natural tissue growth signals.
Tissue Stem Cells as Infrequently Dividing Cells
A model has been largely adopted for several decades in which stem cells are considered to divide infrequently (or cycle slowly) and also to divide asymmetrically to generate another stem cell and a transit-amplifying cell. The latter then divides frequently and differentiates [88] [89] [90] . In this definition the stem cell is immortal, or at least long-lived, and self-renews indefinitely, while the transit amplifying cell self-renews only for a short period of time.
The infrequent division model was proposed as a solution to explain how a long-lived proliferative cell protects its genome from accumulating replication errors throughout life [90] . Pulse-chase experiments with BrdU and tritiated thymidine revealed label-retaining cells (LRCs) in the hair bulge and rarely in the inter-follicular epidermis [89, 91] . The retention of DNA label could be attributed to 3 different possibilities: 1) LRCs divided infrequently; 2) LRCs divided at the time of label but subsequently withdrew from the cell cycle; 3) LRCs retained the label preferentially in one DNA strand (the immortal strand hypothesis) [90] .
Several studies attempted to distinguish between these possible models. Quantification of cell divisions during one hair cycle, implementing a pulse-chase with histone H2B-GFP [86] suggested that the bulge cells divide on averagẽ 3x/hair growth cycle [92] , while the germ cells divide onlỹ 1x more during this time frame [10, 84] . These data were confirmed by later similar pulse-chase studies [51] , and were reinforced by the estimated clone size generated by a single-labeled bulge cell in one hair cycle [10] . Given that hair follicles undergo in total no more than~10 hair cycles, and remains profoundly quiescent during the intervening time periods, it would appear that the hair follicle stem cells divide on average less than 50 times in a life time, an infrequent pattern of divisions indeed. Most bulge cells divide at least once in one hair cycle, and they continue to divide in the next hair cycle, as shown by the dilution of H2B-GFP label. Only rare cells if any, withdraw from the cell cycle and are retained in the bulge ruling out the second possibility (no divisions) for explaining label retention. Finally, more than 5 divisions completely dilute the DNA label, ruling out the 3rd possibility, or the immortal strand hypothesis in the hair follicle [92] . The latter conclusion was also supported by a double DNA label pulse-chase experiment [93] . In conclusion, label retention in the hair bulge and germ can be attributed solely to infrequent divisions.
Within these infrequently dividing populations of bulge and germ cells there might be subsets that are likely defined by specific gene expression. For example, proliferative cells that retain less BrdU or H2B-GFP label in pulse-chase experiments express more Lgr5 [10, 68] . However, quantification of cell division revealed that in one hair cycle the Lgr5 positive cells (mostly found in the hair germ) only divide a couple of times more than the Lgr5 negative cells (mostly found in the bulge) [10, 51] . It is unclear whether these extra few divisions are functionally relevant. At the extremes, the most quiescent LRCs divide~10x in a lifetime, while the most active Lgr5+ cells would divide~100x. Overall, all these cells remain less frequently dividing than the matrix cells, which cycle rapidly and dilute the label in only several days before they undergo apoptosis at the end of a growth cycle. It remains unclear whether the most quiescent cells in the bulge or in the epidermis, the LRCs, differ functionally from the rest of their neighbors in vivo.
Heterogeneity in divisional frequency has also been reported in the epidermis [88, 89] , and human CD71/α6+ cells are less proliferative and more potent in transplantation assays [79] . In vivo, the infundibulum cells are the most rapidly cycling cells but as shown in the previous section their potency is not yet known [94] . Overall, the cells in the upper follicle and in the epidermis divide more frequently than the hair follicle bulge cells, with no apparent functional consequence. In fact cancers seem to originate in both the bulge and the epidermis, but they need to start in the longlived putative stem cells rather than the short-lived highly proliferative cells [95] [96] [97] .
It is also not known how many divisions do stem cells outside the hair follicle bulge and germ undergo throughout life, and whether this indeed affects genomic stability. It is possible that the difference between LRCs and non-LRCs in vivo might merely be in their localization with respect to specific hair follicle structures, such as the arector pilli muscle, where they might be protected from activating signals [98, 99] . Another difference in vivo, also topological, is perhaps in the position of LRCs relative to the direction of signal propagation for hair follicle growth activation, as suggested [10] . It was recently proposed that the most quiescent bulge LRCs might not contribute substantially to the next hair cycle, and that it is the other slightly more proliferative bulge cells that do the job [51] . This possibility awaits specific marking of the most quiescent LRCs and lineage tracing experiments.
With all that said, it is now clear that at least in the hair follicle where quantification of cell divisions has been achieved, the entire population of cells in the permanent zone (bulge and hair germ) divides infrequently. Given the known genotoxic stress of replication, it seems that the old model of stem cell genome protection might apply at least for some populations of stem cells, such as those of the hair follicle and the hematopoietic system [100] . In addition, stem cells of the bulge seem to adopt special molecular strategies for DNA damage repair, by employing higher expression of pro-survival genes, such as Bcl2, and quickly de-activating p53 in response to DNA insults, via repair by the non-homologous end-joining pathway [100, 101] . Involving additional strategies besides infrequent division, might explain how stem cell populations that are more actively cycling, such as those of the intestine or potentially the infundibulum or the inter-follicular epidermis [102] , can deal with long-term genome maintenance.
Dynamics of Adult Epithelial Stem Cell Behavior
Analysis of dynamics of long-term clonal evolution in vivo can provide important clues about adult stem cell behavior. In particular they can test the validity of a strictly asymmetric cell fate decision of immediate stem cell daughters, as previously uncovered for the Drosophila germ line and neuroblast [2, 103] . Clonal analysis has been reported first in the epidermis and second in the hair follicle, and the data seem to contradict a strictly asymmetric cell fate decision model for immediate daughters of stem cells [8, 10, 84] .
Single cell lineage tracing experiments implementing an inefficient K14-CreER transgene marked single bulge cells apart from the hair germ [10] . Following the distribution of label in the differentiated versus stem cell compartment, it appeared that throughout life long-lived bulge stem cells behave as a population, in a manner similar with that proposed for the C. elegans germ line [2] . In this model, a bulge cell will choose either to leave the niche (bulge), proliferate rapidly, differentiate and die, or to remain in the niche, divide rarely and presumably symmetrically, and selfrenew [10] . The extent of cell division is likely determined by how many gaps were left in the stem cell niche due to the previous departure of some bulge cells, in a manner that might implicate cell-cell contact, such as that described in the epidermis via the YAP1 pathway [104] . The probability of acquiring any one of the two possible fates is likely attributed to the location of bulge cells within a gradient of signaling molecules possibly patterned by the dermal papillae, or other components of the environment [45] . These data could not rule out a more complex model that accounts for possible heterogeneity in the bulge and hair germ stem cell populations, and allows for flexibility and constant inter-conversion between these distinct stem cell populations. These inter-conversions could occur by asymmetric or symmetric divisions alike. In fact a recent study by Petersson et al., demonstrated by direct imaging that bulge cells contribute to homeostasis of sebaceous gland by a division that occurs in the bulge followed by one daughter cell moving out into the sebaceous gland and another staying in the bulge [78] . In addition, this study also confirmed that the bulge clone size increases over-time, supporting the notion of symmetric expansion of the bulge cells.
Additionally, clonal analysis of single epidermal cell behavior in vivo led to a so-called "neutral drift model" for stem cells [8] . This study revealed data that did not fit mathematically with a simple asymmetric cell division model. In a model of asymmetric cell fates of stem cell daughters, in which one becomes a stem and one a transitamplifying cell, we would expect the long-term clones in the epidermis to survive indefinitely and maintain a relatively constant size over time. Instead the data show that some long-term clones continue to grow, suggesting symmetric expansion of most of the originally labeled long-term surviving cells. This is in agreement with the model proposed for the hair follicle [10] .
However, unlike the model proposed in the hair follicle, the neutral drift model for epidermis explains epidermal homeostasis by the existence of a single cell population, without the need of invoking both stem and transient amplifying cells [105] . Mathematical modeling of clone behavior suggest that this single population adopts stochastic fate decisions in the adult inter-follicular epidermis, in which some cells differentiate and die while others divide and their daughter cells adopt mostly symmetrically fates to selfrenew [105] . Whether these cells of the inter-follicular epidermis are long-term stem cells that are also allowed to die/ differentiate directly without self-renewal, or whether they are transit-amplifying cells that are also allowed to survive long-term and self-renew is a matter of semantics. In this model the stem and the transit-amplifying cell are merged together in a single cell with intermediate characteristics.
The model of "neutral drift" [8] agrees in some aspects with the experimental-based population deterministic model proposed in the hair follicle [10, 84] . The major overlap between the two models is that they both contradict a strict asymmetric cell division/cell fate model in which selfrenewal and differentiation are constantly coupled. The neutral drift and the population deterministic models disagree in two major aspects: [1] the existence of a differentiation hierarchy of stem and transit amplifying cells; and [2] the determinant force driving fate decision.
For the first point, it is clear that the hair follicle stem cell becomes first a transit-amplifying matrix cell that divides rapidly, and only subsequently differentiates and eventually dies [10] . However, in the inter-follicular epidermis despite previous pulse-chase results supporting this two-population hierarchical model [88] [89] [90] , the existence of stem versus transit-amplifying cells is not clear [8] . A recent paper from the Kaur group adds more weight to the two-population model, although in vivo lineage tracing data will be required in the future to resolve this issue [79] .
For the second point, the determinant force for driving fate decision, in the neutral drift model is stochastic, while in the population deterministic model this force is proposed to be topological. In a highly structured tissue, such as the hair follicle, the fate decisive driving force can likely occur from the existence of gradients of signaling molecules, such as WNTs, BMPs, and FGFs, possibly emanating from the dermal papillae or other sources in the environment such as fat cells [45, 48, 106] . Bulge cells found in close proximity to the dermal papillae could possibly encounter a higher probability of differentiation. Fate decisive environmental cues generated by gradients of morphogens have been described in multiple developmental model systems [14, 15] . The emergence of tissue stem cells and their basic behavior throughout life might simply employ these fundamental developmental mechanisms. Although the basal layer of the epidermis seems like a homogenous structure, it is still possible that location of cells relative to nerve termination, blood vessels, or the hair follicle can generate topological asymmetry.
One of the inherent limitations of mathematical modeling is that while it is most useful for eliminating possible models it does not give certainty for adopting possible models when describing behavior of complicated systems. In biology most systems are enormously complex, a trait that seems to be directly proportional to being robust. A fundamental principle of mathematical modeling is that when a model does not fit the data we can fairly confidently eliminate it from the thinking board. However, when data could be fit with a small number of variables and a simple model, we cannot be confident that this model is the true description of the system. It is a mathematical fact that a more complicated model with multiple variables could also fit. In light of this fundamental limitation, the mathematical fit of the simple one-population stochastic model, although very suggestive, does not rule out a twopopulation model or other more complicated multi-population models with multiple variables. It also could not rule out influences on fate decisions by asymmetric environmental cues that polarize or pattern the tissue (as opposed to stochastic fate decisions), or other more complicated behaviors described by multiple parameters. There is a famous relevant quote attributed to Enrico Fermi revealed to me in a discussion with Dr. David Shalloway, a mathematician and biologist who modeled some of our own lineage tracing and H2B-GFP pulse-chase data from the hair follicle [84] . To illustrate the challenge of having to describe a complicated system by a multiple variable model, and in response to such a model fitting his own experimental data, Fermi said: "With four parameters I can fit an elephant, and with five I can make him wiggle his trunk" [107] . The take home message is that in a complicated system, the mathematical models might not be regarded as the final word in describing the behavior of that system, but rather as a valuable avenue to rule out certain models (i.e. the strictly asymmetric cell division model) and to point to further experimentation.
In conclusion, recent single cell lineage tracing data from populations of epithelial skin stem cells (epidermis and hair) seem to contradict the dogma that asymmetric cell division/ cell fates is the norm by which stem cells accomplish normal homeostasis of adult tissues [103] . The hierarchical model of infrequently dividing stem cells and frequently dividing transit-amplifying cells is clearly illustrated in the hair follicle but remains unclear in the epidermis and the other epithelial compartments.
The Status of Asymmetric Cell Divisions in the Skin Epithelium
Clonal analysis provides information about cell fate, but it does not inform us about the cell division itself. A cell can divide symmetrically but the daughter cells can undergo asymmetric cells fates. Conversely, a cell can divide asymmetrically but the fates of the daughter cells might end up being identical due to de-differentiation of the more committed daughter cell.
Lechler et al. were first to study the status of cell divisions in skin epithelium by analyzing the orientation of mitotic spindle with respect to the basement membrane. They showed that epidermal progenitor cells switch during embryogenesis from predominant symmetric divisions (parallel to the basement membrane) to more asymmetric divisions (perpendicular to the basement membrane) [87] . In a tour-de-force to knockdown in the mouse molecular players previously described in Drosophila, Williams et al. revealed the contribution of the asymmetric cell division cellular machinery to epidermis differentiation and stratification. This was likely accomplished through Notch signaling [108] . Moreover, Paulson et al. showed that most progenitors in the epidermis divide both asymmetrically and symmetrically and propose a model in which the switch is dynamic and dependent upon an unknown molecular sensor, that insures the proper balance of epidermal expansion versus stratification [109, 110] . It also appeared that unlike Drosophila, the mouse asymmetric cell division planes are not established until mitosis. The symmetric divisions in the inter-follicular epidermis seemed to generate two undifferentiated basal layer cells, while asymmetric division make one basal layer cell and one differentiate K10+ positive supra-basal cell [109, 110] . Moreover, in the hair follicle the orientation of doublet cells generated by one division of a single-labeled cell reveals symmetric orientation with respect to the basement membrane in the bulge (where the cells self-renew) and perpendicular orientation to the basement membrane in the hair germ and matrix (where the cells differentiate) [84] .
A Few Concluding Thoughts on Symmetric vs Asymmetric Self-Renewal
Taken together, all this evidence seems to suggest that in the skin epithelium asymmetric cell division is mostly coupled with cell differentiation rather than with tissue stem cell selfrenewal. Instead, a more dynamic process in which symmetric fate decisions predominate to compensate for stem cells lost by death or by differentiation seems to better characterize the adult stem cell behavior.
The incompatibility of the data with the dogmatic view of stem cell asymmetric division, which was based on work in the Drosophila germ line and neuroblast [2, 103] came as a surprise to the tissue stem cell field. However, not only some tissue stem cells might undergo this behavior; even the pluripotent embryonic stem cells, the most powerful of all stem cells, are known to either expand or differentiate symmetrically when placed in different environments [111] . More recent publications from other tissues also suggested that the intestinal and spermatogonial stem cells might behave in a similar manner [11] [12] [13] .
Notably, the models described so far could be also accommodated by the existence of a reversible switch (dedifferentiation) between a committed progenitor (or transit amplifying cell) and a bona fide stem cell in normal homeostasis. This would implicate an even more robust stem cell population dynamic, and it would explain how a stem cell could divide asymmetrically, while the two resulting daughter cells could still undergo symmetric fates. This possibility is not unlikely, given the plasticity of cells within the epithelial tissues to change differentiation potential (i.e. hair follicle to epidermis) in specific conditions, such as injury repair.
De-differentiation of terminally committed cells into induced pluripotent stem cells (iPS) via over-expression of a limited number of transcription factors [112] , opens up the possibility that perhaps also in homeostasis differentiation states might be more reversible than previously recognized. Some recent data utilizing keratinocytes differentiated in cell culture followed by transplantation also seem to agree with this model, although it is possible that these data have more significance for injury repair than for normal homeostasis [113] . De-differentiation, as defined by ectopic positioning of a departed Drosophila progenitor germ cell in the SC niche, has been reported, although it was a seldom event, with unclear significance for young tissue homeostasis [114, 115] . However, given the differences in regulation between the Drosophila and the mouse tissue systems, it may be possible that the extent of de-differentiation in mammals is more prominent than previously recognized. This hypothetical model implicating a reversible switch between stem and transit-amplifying cells during normal homeostasis requires future experimental testing.
Embryonic Development of the Adult Epithelial Skin Stem Cells
While epithelial skin stem cells have been intensively studied in adulthood, the mechanism of their emergence during embryogenesis received less attention due to lack of specific markers in embryogenesis. Moreover, when and how epithelial skin stem cells begin to mature and acquire their long-term characteristics, including their commitment to become epidermis, sebaceous gland, or hair follicle is not well understood. A possible solution is to adopt a strategy that is the reversed sequence of normal life, which is ontogeny followed by homeostasis. We can use adult stem cells characteristics revealed by studies in homeostasis and track their origin down by following them backwards into ontogeny. This strategy has involved specific markers of adult stem cells and their feature of relative quiescence.
While adult stem cells in the hair bulge and hair germ divide infrequently [18, 92] , embryonic hair follicle cells seem to proliferate more rapidly during morphogenesis. Nevertheless, utilizing a pulse-chase system with histone H2B-GFP previously developed [86] , Nowak at al. showed that during embryogenesis, at E18.5, some cells in the developing hair follicle located in the region destined to become the bulge are already infrequently dividing [116] . In addition, some genes preferentially expressed by the adult bulge, are also expressed in the hair placodes [117] . Together, these data suggest that cells with adult stem cell characteristics might begin to be specified at the molecular level early on during morphogenesis.
Several lineage-tracing experiments to date began to address the fate of the early hair follicle rudiment cells and their potential contribution to hair follicle, sebaceous gland, and inter-follicular epidermis. First, Levy et al. utilized a constitutive Shh-Cre recombinase to mark all the hair placode cells [81] . These data strongly suggested that all hair follicle lineages, including the sebaceous gland and the upper hair follicle (infundibulum) originate from the hair placodes [81] . In addition, these cells never contribute to inter-follicular epidermis homeostasis in the absence of injury during morphogenesis and in adulthood [81, 82] , as also discussed previously in this article.
Second, Snippert et al. described the expression of Lgr6 in the hair placode cells and the upper ORS of the developing hair peg. These cells marked embryologically via Lgr6-CreER contributed not only to hair follicle, sebaceous gland, and isthmus-like the Shh-marked placode cells-but also to epidermis [76] . As with adult skin (see previous section), this discrepancy might be explained if Lgr6 has a broader expression than Shh, possibly spreading into the interfollicular epidermal cells in the vicinity of the hair placodes.
Third, Nowak et al. found Sox9 expressed in a subset of hair placode cells, suggesting molecular heterogeneity among the early embryonic hair follicle cells [116] . These cells do not contact the basement membrane demonstrating a clear topological asymmetry that is likely to influence subsequent fate. An intriguing possibility is that the hair placode cells might be committed early on toward either making outer root sheath and adult bulge stem cells, or making matrix and differentiated cells for morphogenesis. Utilizing Sox9-Cre, it was found that outer root sheath cells expressing Sox9 never contribute to normal homeostasis of the inter-follicular epidermis, but they can contribute to the hair follicle matrix and differentiated hair lineages starting at PD8 [116] . Because Sox9-Cre is constitutively active in the bulge and lower outer root sheath, it is not possible to definitively track the origin of the outer root sheath and bulge stem cells to the few Sox9+ cells of the early placode. A Sox9-CreER induced during early embryogenesis would be needed instead, and this tool was recently generated although not yet employed for labeling during embryogenesis [51] . Nevertheless, at a minimum the Sox9-Cre data seem to rule out the possibility that the Sox9+ placode cells had in fact a broad potential to make all hair follicle lineages from very early morphogenesis. This observation might suggest a possible lineage fate bias of hair cells within the hair placode to either make adult stem cells and possibly other outer root sheath cells or making short-lived progenitors (matrix) and differentiated cells for morphogenesis.
Fourth came recent lineage tracing by Osorio et al. [118] utilizing previously generated Runx1-CreER knock-in mice [119] . In early embryogenesis, Runx1 expression in the epithelium is restricted to a narrow subpopulation of hair placode cells that are largely Sox9+ (Fig. 3a) , but becomes broader than Sox9 in the late stages of embryonic hair morphogenesis. When Runx1-CreER was induced at low levels to mark rare cells in the hair placode and potentially some primary hair germ cells, Runx1+ cells showed longterm contribution to one or more of all the different lineages of the hair follicle, including the sebaceous gland and the infundibulum [118] (Fig. 3b, c) . Intriguingly, a large fraction of hair follicles showed contribution of some early placode cells exclusively to the outer root sheath demonstrating that most cells expressing Runx1 in the early hair rudiments followed a restricted fate. A small fraction of follicles show exclusive and transient contribution to the temporary hair lineages, the matrix and the inner layers, while the remaining follicles showed mixed patterns to the permanent upper ORS lineage and the temporary lineages likely due to multiple labeling events in the hair placodes. The segregation of lineage determination in the hair follicle is further suggested by the observation that the outer root sheath and the matrix operate as independent lineages during hair growth, as demonstrated by single cell lineage tracing during postnatal life [43, 120] . To definitively address the question of fate commitment in the early placode would require an inducible Cre driven by gene promoters that show absolute restriction to either one of the two putative divergent precursors of the outer root sheath or matrix cells potentially co-existing in the hair placode. Although Sox9 is confined to the ORS in early morphogenesis, the Cre utilized for lineage tracing was constitutively expressed confounding the answer to this question [116] .
Another intriguing question is whether the adult stem cell population arising in the hair placode is completely set-aside during morphogenesis for exclusive later use in adulthood or whether it begins to fuel hair morphogenesis in early post-natal life by a constant flux of bulge cells to the matrix. Sox9-Cre marking showed that the post-natal outer root sheath cells begin to contribute to the matrix and the differentiated hair follicle at anagen~PD8 [116] . However, it is possible that it was the Sox9+ non-bulge cells at the base of the hair follicle and in the vicinity of the matrix, in which the constitute Cre was active, that might have in fact contributed cells to the differentiated lineages during late morphogenesis. The bulge cells might have in fact remained dormant until the first post-natal hair cycle. An early marker more specific to the bulge than Sox9, such as NFATc1 [121] , would need to be implemented in lineage experiments instead to address this question.
Taken together, these considerations seem to suggest that perhaps cells of the hair placode behave by a similar symmetric or unidirectional fate decision model, much like that proposed for adult epidermis and hair follicle in the previous sections (see also Fig. 1b) . Some cells in the placode might become committed to be the matrix cells, make the first hair shafts, and eventually die, while other placode cells will remain as upper ORS (bulge) cells, survive, and create a reservoir of adult stem cells for later use during the adult hair cycles. This would be in line with dynamics observed in the emergence of adult hematopoietic, spermatogonial, and muscle stem cells during morphogenesis [1, 7] .
If cells in the hair placode are heterogeneous in their molecular make up, as suggested by the restricted expression of Runx1 and Sox9, how is this heterogeneity accomplished and what is the consequence for fate decisions? One obvious source of environmental heterogeneity or asymmetry could be the location of the placode cells with respect to the basement membrane. Outer placode cells directly contact the basement membrane while the inner placode cells do not. Lack of contact with the basement membrane is associated with a change in fate due to differential integrin signaling [110] . Another source of environmental asymmetry could be gradients of signaling molecules generated from local dermal microenvironments, at least in part demonstrated by different levels of signaling activity reported in mouse models such as Bat-Gal, which shows Wnt activity [118, 122] . Lef1, a positive effector of the Wnt pathway, itself a Wnt target, also shows variable levels in the hair placode and germ cells (Fig. 2b) and the dermis around the hair follicle [122] .
If genes expressed differentially in the placode are important for fate acquisition of the adult-type of stem cells, then their loss (knockout) might induce defects in acquisition of the early progenitor matrix that perturb morphogenesis, but no defects in the adult stem cells. No genetic factor has been reported to date to function this way, perhaps because the emergence of adult stem cells during embryogenesis is tightly linked to having a proper niche within a normally developing hair follicle. Conversely, some factors might be dispensable for morphogenesis but they might be critical for maturation of the adult hair follicle stem cells. Indeed, recent genetic evidence began to uncover a rudimentary pathway for the ontogeny of adult epithelial skin stem cells, as discussed below.
Suggestively, Sox9 knockout skin showed no obvious phenotype in the embryonic hair follicle formation, and the hair follicles were only mildly affected during postnatal morphogenesis [116, 123] . Importantly, the hair follicles were lost from the skin later on in adulthood, demonstrating a dramatic defect in adult stem cell maintenance in the absence of Sox9 [123] . However, because Sox9 is expressed in the bulge stem cells and the outer root sheath throughout life where it might play a direct role in adulthood, it is impossible to attribute this phenotype to defects in the embryonic maturation of the adult-type of hair follicle stem cells emerging in the early hair rudiments. For that conclusion, it would require a knockout of Sox9 in adulthood via an inducible CreER. If that mouse shows no skin phenotype, we could conclude that Sox9 was in fact needed in embryogenesis for proper stem cell maturation with consequences for stem cell long-term maintenance.
The second gene marking a potentially distinct stem cell population in the hair placode is Lgr6. However, Lgr6 did not seem to have an influence on fate decisions or adult stem cell maturation. Lgr6 knockout skin had no phenotype suggesting possible compensation of its function by other family members [76] .
Finally, Runx1 affected aspects of hair follicle placode induction and adult hair growth. Runx1 epithelial knockout had a defect in the timely emergence of the hair placodes, which included the emergence of the precursors of adult hair follicle stem cells. This delay was mediated at least in part by a down-regulation of Wnt signaling in a paracrine fashion, in both epithelium and mesenchyme, from the epithelial skin compartment [118] . Runx1 was also important in the epithelium for adult hair follicle stem cell activation and proliferation in adulthood [118, 124, 125] and for some aspects of terminal shaft differentiation [126] . In summary, none of the epithelial mutations tested so far revealed a specific role in the ontogeny or maturation of adult-type of stem cells during embryogenesis.
Unexpectedly, it turned out that mesenchymal (but not epithelial) Runx1 plays a role in adult stem cell ontogeny in a paracrine fashion, from the embryonic skin dermis, where Runx1 is expressed transiently during hair development (Fig. 3a) [118] . Runx1-CreER induction marked rare hair placode epithelial cells (in less than 10% hair follicles) but was highly efficient in the mesenchyme. As such, it was employed to generate an essentially mesenchymal Runx1 knockout. This resulted in up-regulation of secreted-Wnt mRNAs and of Lef1 protein in both the embryonic mesenchyme and epithelium. Lef1 protein was elevated ectopically in the embryonic hair germ in the Sox9+/Runx1+ placode cells, which must contain the precursors of adult hair follicle stem cells, and remained high in the bulge cells in adulthood. This induced the conversion of hair follicle into sebaceous gland with loss of stem cells in the long-term [118] , a phenotype also seen in a transgenic Lef1 epithelial over-expression mutant [127] . Importantly, a full inducible knockout via a ubiquitous promoter in adulthood did not induce any of these phenotypes [124] , demonstrating the critical role of Runx1 in the dermis during embryogenesis. Overall, these data suggest that mesenchymal Runx1 regulates Wnt signaling in a paracrine fashion, to promote the proper early maturation stages of the emerging adult hair follicle stem cells (Fig. 3d) . The modulation of the normal stem cell makeup during embryogenesis becomes functionally relevant only later on, during adulthood. A similar loop of Wnt activity has also been reported in adulthood, and implicated signals from the dermal papillae that initiate activation of stem cells to regenerate the adult hair [52] .
Understanding the molecular programs that work in embryogenesis on the emerging adult stem cells to guide their proper maturation for the long-term tissue regeneration mission in adulthood is an open area of investigation.
Future Directions
While we are just beginning to scratch the surface of epithelial skin stem cell ontogeny, and gain more insight in the similarities and differences between embryonic and adult hair follicle precursors, the embryonic making of other epithelial stem cell populations, such as those of the sebaceous gland and inter-follicular epidermis remains even less understood. When and how epithelial stem cells feeding into the sebaceous gland, and the inter-follicular epidermis are specified and diverge from each other and from the hair follicle stem cells? How do these nascent populations of stem cells differ from their more mature adult counterpart? Are there indeed distinct stem cells in the inter-follicular epidermis in vivo or the cells in this compartment have equal potential? Are LRCs any different from non-LRCs and do stem and transit amplifying cells reversibly convert into one another? Would all stem cells in the skin compartments potentially behave by a population deterministic model or would some involve asymmetric divisions for their self-renewal and differentiation? If this population deterministic model generally applies, what pathways govern the decisions of assigning a fate of stem cell versus differentiated cell to 'citizens' within the embryonic or adult population of cells with equal rights and potential? What is the role of the environment, and particularly of the dermal papillae, in influencing these processes? And how do we manipulate these fate decisions in vitro to create tridimensional skin, resembling more closely the normal tissue in order to better treat burn victims and patients with other skin conditions? Clearly, in this era of rapidly developing tools and technology, the field of skin stem cell biology is poised to forge ahead for the answers.
